In this research, nanometer size aggregates (clusters) of titanium dioxide (TiO 2 ) quantum dot clusters (QDs) have been successfully prepared via a convenient hydrolysis method at a low temperature (80 C). Then different amounts (0-5%) of Ag were further decorated on the TiO 2 QDs via dipping and annealing under a nitrogen atmosphere. After Ag decoration, the TiO 2 QD sensing materials were synthesized, and characterization and NH 3 gas sensing performance studies were carried out. Analysis via XRD and EDS was conducted, and the results showed that Ag + ions were successfully reduced to Ag and decorated on the surface of the anatase TiO 2 QDs. Noble metal Ag acted as the sites for adsorbates, catalysts, or promoters during the surface reactions, and as the element improving the thermal stability of the nanostructure. Therefore, the Ag-decorated gas sensor possessed better gas sensing performance than an undecorated gas sensor, and 3% Ag dopant proved to be the optimal amount of addition. The fabricated 3% Ag-decorated TiO 2 QDs gas sensor, compared with the undecorated TiO 2 QDs sensor, displayed a 6-times-higher sensing response at room temperature and demonstrated excellent gas sensing properties toward 10-100 ppm NH 3 gas, good selectivity, gas sensitivity and stability, rapid response/recovery time, and a linear relationship between the response and the target gas concentration. In particular, the excellent performance of the Ag decorated-TiO 2 QDs gas sensor was achieved at room temperature, which suggests the great possibility of a prompt gas sensing response, with the use of paper as a substrate, that requires a low operation temperature. , Geophys. Res.
Introduction
Recently there has been huge demand for monitoring and controlling air pollutants, of which ammonia (NH 3 ) is one of the most common examples that causes severe environmental problems. When ammonia is present in ecosystems in excess, it can cause nutrient imbalances and eutrophication. In terrestrial ecosystems this leads to a loss of plant species and habitat diversity, and in aquatic ecosystems this causes algal blooms and hypoxia. 1 In recent years, research into new and more effective NH 3 gas sensors using nanostructured materials has gained plenty of attention, due to the various applications, including in environmental monitoring, 2 industrial process monitoring, 3 automotive exhaust detection, 4, 5 and medical diagnostics. 6, 7 One of the most commonly applied gas sensing mechanisms for NH 3 is based on resistive sensors with various metal oxide semiconductors, 2,3 such as TiO 2 , ZnO, 8, 9 18 In our previous work, TiO 2 QDs were successfully synthesized at a low temperature (80 C), and their application in NH 3 gas sensors was studied. The fabricated TiO 2 QDs showed a highly porous structure and a large specic surface area, which enhanced their gas sensing performance toward NH 3 at room temperature. A comparison with other reported NH 3 gas sensors is shown in Table 1 . These previous reports imply that NH 3 gas sensors prepared using nanomaterials have the disadvantages of requiring high temperatures, demonstrating low sensitivity and involving complex synthesis processes. In order to solve these problems, much effort has been devoted to this area with attempts to control the particle size and morphology, 19 maximize the exposure of active crystal facets, 20, 21 introduce transition metal dopants, 22,23 metal oxide additives 24 or noble metal sensitizers, 19, 24, 25 and make composites with conducting polymers. It has been proven that nanoparticles of noble metals (Pd, Rh, Pt, Au, Ag) on the surface of metal oxides can act as the sites for adsorbates, catalysts, or promoters during surface reactions and as the element that improves the thermal stability of the lm nanostructure. 23, 26, 27 Of these, the low price of Ag dopants compared to other noble metals is benecial for their practical application; moreover, as reported, the gas sensing properties of various kinds of semiconductors are promoted markedly by Ag dopants. 28 Furthermore, with the aim of printing sensing materials on paper substrates to fabricate wearable and exible gas sensors, to further enhance the gas sensing performance at room temperature, the testing of curved substrates is needed. Therefore, Agdecorated TiO 2 QD sensing materials were prepared, and their gas sensing performance was promoted with an alumina tube as the substrate. With different thicknesses and sizes of the prepared sensor, the resistance was different, so the baseline was different to our previous work; but compared with TiO 2 QDs sensors on an alumina tube, the Ag-TiO 2 QDs gas sensor still showed better performance.
In this context, this paper is focused on the fabrication of a NH 3 sensor based on Ag-decorated TiO 2 QDs via a facile annealing route to enhance the NH 3 sensing performance at room temperature. To the best of our knowledge, an Ag-decorated TiO 2 QDs NH 3 gas sensor has not yet been reported in the literature. The fabricated sensors were evaluated systematically in terms of their response, response/recovery times and selectivity toward NH 3 . The main target of this work is to promote the gas sensing performance toward NH 3 at room temperature on a curved substrate (alumina tube). The fabricated Ag-decorated TiO 2 QDs gas sensor successfully showed a response several times higher than that of an undecorated gas sensor.
Experimental

Synthesis of anatase TiO 2 QDs
The TiO 2 QDs were prepared according to a previous work, 31 and the detailed synthesis process is as follows. (1) Tetrabutyl titanate (Ti(OC 4 H 9 ) 4 , 10 mL) and acetic anhydride ((CH 3 CO) 2 O, 20 mL) were mixed with cyclohexane (50 mL) in a glass vessel with a screw-on cap. The mixture was then heated to 80 C until it appeared turbid. Aer maintaining the reaction for 30 min, the solid product was centrifuged from the reaction mixture, washed several times with acetone and distilled water, and dried to provide the titanyl organic compound. (2) The titanyl organic compound was mixed with water (H 2 O : TiO 2 ¼ 50 : 1 mol mol À1 ), and then nitric acid (HNO 3 ) solution was added at a concentration of 1 mol L À1 . The mixture was then heated and continuously stirred at 60 C for 3 h to obtain the TiO 2 QDs. The prepared TiO 2 QDs were settled through controlling the pH and collected via centrifugation. Aer washing with ethanol and DI water several times and drying at 60 C overnight, TiO 2 QD powder was acquired.
Synthesis of Ag-decorated TiO 2 QDs
The obtained TiO 2 QDs were then divided into ve equal portions and mixed with distilled water. Different amounts of AgNO 3 were added to the ve mixtures, respectively. The molar ratio of Ag/Ti was set at 0%, 1%, 3% or 5%, individually. Subsequently, the mixtures were ultrasonically agitated for 15 min until they were homogeneous. Then the mixtures were annealed under a nitrogen atmosphere via two steps: step 1 was to dry the material at 80 C for 6 h, followed by a temperature of 550 C for 4 h (step 2) to obtain the Ag-decorated TiO 2 QDs gas sensing materials.
Characterization
Before the investigations into the gas sensing performance of the gas sensors, the gas sensing materials were characterized via XRD, SEM, EDS, TEM and BET analysis methods. The crystalline structure and phase composition were characterized using an X-ray diffractometer (XRD, Bruker, Germany), with Cu Ka radiation at a wavelength of 1.5406Å, operating at 40 kV and 30 mA. The morphology was observed using a scanning electron microscope (SEM, Merlin, Germany) with an operation voltage of 5 kV. A transmission electron microscope (TEM, JEM-2200FS, Japan) was used to further characterize the crystallographic features. The gas sensing performance of the sensor was evaluated using a WS-30A gas sensor measurement system (Weishen Electronic Technology Co., Ltd, China).
Gas sensor fabrication and measurements
The fabrication process of the gas sensor was as follows: (1) the as-prepared gas sensing material was mixed with absolute ethyl alcohol at a weight ratio of 4 : 1 and the mixed solution was ultrasonically agitated for 15 min until a homogeneous slurry was formed; (2) the slurry was pasted onto an alumina tube that had a pair of Au electrodes and four Pt wires for resistance measurements; and (3) the alumina tube was annealed at 300 C for 2 h to improve the stability of the sensor and remove residual organics on the surface of the sensor.
As shown in Fig. 1a , the structure of the gas sensor is explained as follows: a pair of gold electrodes connected to Pt wires is printed on the alumina tube, and the area between the two gold electrodes is coated with the as-prepared gas sensing material. Fig. 1b displays the circuit used to measure the gas sensor, where R f is a load resistor connected in series with the gas sensor and R S donates the resistance of the sensor. In the testing process, an appropriate bias voltage (V working ¼ 5 V) was applied. The response of the sensor was measured by The experimental setup for the gas sensing measurement system is shown in Fig. 2 . The fabricated sensor was set-up on a testing board in an 18 L testing chamber that was connected to the gas sensing measurement system. The temperature and humidity of the chamber were maintained at 25 C and 50%, respectively. The concentrations of the testing gases (NH 3 , C 2 H 5 OH, CH 2 O, C 6 H 6 and H 2 S) mixed with air were controlled via two mass ow controllers.
Results and discussion
Structural and morphological characteristics
Before any investigation of the gas sensing performance, the Agdecorated TiO 2 QDs were characterized with XRD, SEM and EDS technologies. The results are addressed below.
XRD was conducted to investigate the crystal structures of the as-synthesized samples. The results of measurements are shown in Fig. 3 . In the case of the TiO 2 QDs, the pattern was in accordance with anatase TiO 2 reections (JCPDS no. 04-0477), and all the diffraction peaks correspond well to the (101), (004), In addition, the intensities increase when the concentration of Ag dopant is higher. Moreover, these anatase TiO 2 and spinel diffraction peaks were present in all the Ag-decorated samples without any shis, indicating that the metal dopants were merely placed on the surfaces of the crystals rather than being covalently anchored into the crystal lattices. 28 Compared to our previous work, at higher annealing temperatures, the crystallinity is higher and small rutile TiO 2 peaks were also observed in all the samples, where the appearance of rutile TiO 2 diffraction peaks was due to phase transformation from anatase TiO 2 to rutile TiO 2 at high annealing temperatures (550 C). 35 In addition, from eqn (1), the calculated crystallite size of the TiO 2 QDs was 66 nm, and the average crystallite sizes of the 1%, 3% and 5% Ag-decorated TiO 2 QDs sensing materials were 31.2, 30.8, and 34.2 nm, respectively.
where K is the Scherrer constant (equal to 0.89), B is the full width at half maximum (FWHM) of the diffraction peak, q is the diffraction angle, l is the wavelength of the X-rays, and D is the crystal size. SEM, TEM and EDS technologies were utilized to characterize the TiO 2 QDs and Ag-decorated sensing materials. TEM Fig. 1 (a) A schematic diagram of the gas sensor and (b) the electric circuit used to investigate the gas sensor. images of the TiO 2 QDs are shown in Fig. 4a and b; as we can see, the synthesized stable nanometer size aggregates with good dispersibility were TiO 2 quantum dot clusters with a uniform size of 66 nm, they were formed from 2-5 nm diameter anatase crystals. Similar to our reported work, 31 with a unique formation method, the TiO 2 QDs show a highly porous structure (Fig. 4b ) with a huge specic surface area of 315.74 m 2 g À1 . 31 In our previous work, the sensor was fabricated on a at substrate; for further research, to achieve fabrication on a paper substrate for a exible sensor, we need to test it on a curved substrate and then we can start optimizing the sensing material on a tubular substrate to achieve better sensing performance at room temperature. Our coming work is aimed at compositing the nanoparticles with two-dimensional GO to achieve exible sensors on paper to simplify the fabrication process with printing technology. Aer considering the noble metal Ag as the catalyst, Ag-decorated TiO 2 QDs were synthesized. Following coating on an alumina tube, the SEM results are displayed in Fig. 4c . The lm is densied and porous between the grains of the lm, which is an advantage for the diffusion of the target gas. However, the decorated Ag cannot be seen in the lm, maybe due to its low concentration or small size. Then, EDS analysis was introduced; the elemental mapping images of the Ag-decorated TiO 2 sensing material are displayed in Fig. 4d -i, where all scale bars are 10 mm. Fig. 4d shows an SEM image, and Fig. 4f -i clearly highlight the presence of C, Ti, O, and Ag elements. It is notable that the good dispersion of the Ag dopant is revealed in Fig. 4i ; the detected C elements in Fig. 4f are attributed to the conducting resin that was applied during the preparation of the sample for SEM characterization. The XRD ( Fig. 3 ) and EDS ( Fig. 4) characterization results indicate that the Ag dopant was successfully decorated on the surface of the TiO 2 sensing material.
Gas sensing properties and mechanism
To further enhance the gas sensing properties, the dopant Ag was added to form Ag-decorated QDs sensing materials, and 
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corresponding Ag-decorated TiO 2 QDs gas sensors were developed and tested.
Optimal amount of Ag dopant addition
Aer having decorated the material with the dopant Ag at 0%, 1%, 3% and 5%, respectively, different Ag-decorated TiO 2 QDs gas sensors were fabricated and exposed to 20, 40, 60, and 80 ppm NH 3 gas, successively, and the gas sensing performances were measured and are given in Fig. 5 . Compared with the undecorated TiO 2 QDs gas sensor, all Ag-decorated TiO 2 QDs gas sensors displayed higher responses (Fig. 5a ) and shorter response/recovery times (Fig. 5b, c and Table 2 ). In the results shown in Fig. 5 , the 3% Ag-decorated TiO 2 QDs gas sensor possessed the best gas sensing performance; its sensing response and response/recovery time were 6 times higher and shorter, respectively, than those of the pure TiO 2 QDs gas sensor, which meets our goal and will benet our future research. Therefore, all subsequent experiments were carried out with the 3% Ag-decorated TiO 2 QDs sensor. From the results in Fig. 5 , it is evident that the noble metal Ag greatly improves the gas sensing behaviour of the sensor upon exposure to NH 3 gas. Moreover, the abrupt decrease in the response of the sensor decorated with higher amounts of Ag than the optimal 3% (Fig. 5a ) was probably due to a reduction in the number of active sites (Ag particles), which was correlated with the agglomeration of Ag grains. 36, 37 As for the mechanism of the performance enhancement with the Ag dopant, it could be attributed to the following factors. (1) The decorated noble metal Ag not only provides specic adsorption sites in the form of single particles mixed in the matrix, but most Ag elements can oen act as catalysts. Thus, the contact potential barrier of the material is decreased and the interfacial effect is enhanced, and therefore the sensing reaction is promoted. 38 Generally, a chemiresistive semiconductor sensor is based on the resistance of the sensing material changing due to chemical and electronic interactions between the adsorbed gas and the sensing material. The sensing mechanism can be described in terms of an oxygen adsorption reaction on the sensing material surface, which strongly depends on the operating temperature; the stable oxygen ions are O 2 À , O À and O 2À , which operate below 100 C, from 100-300 C, and above 300 C, respectively. 39 Hence, the oxygen adsorption reactions can be represented as follows:
Linearity between the response and the target gas concentration
With optimal 3% Ag dopant addition, the behavior of the Agdecorated TiO 2 QDs gas sensor towards different levels of NH 3 gas at room temperature was further investigated. Aer having been exposed to NH 3 gas at concentrations from 10 ppm up to 100 ppm, separately, the corresponding responses of the Ag- decorated TiO 2 QDs gas sensor are shown in Fig. 6 . It is clearly indicated in Fig. 6a that the responses of the sensor increased with an increase in the concentration of NH 3 gas, where the sensing responses to 10 ppm and 100 ppm NH 3 gas were 25.1 and 40.7, respectively. It is noteworthy that, even at a low level of 10 ppm NH 3 , this particular Ag-decorated TiO 2 QDs gas sensor still exhibited a reasonably high sensing response of 25.1. Besides, the results in Fig. 6b demonstrated good linearity between the sensing response and the NH 3 concentration, and linear equation for the correlation is S ¼ 0.166C NH 3 + 24.738, where S is the response sensitivity and C NH 3 is the NH 3 concentration; the regression coefficient is 0.975. In addition, in order to calculate the limit of detection (LOD) of the sensor, the signal response (S) at different NH 3 concentrations was analyzed via linear regression (y ¼ a + bx). The LOD ¼ 3s D /s z 0.217 ppm, where s D is the standard deviation of the y-intercept and s is the slope of the calibration curve. With all these results, a possible low detection limit at the ppb level is implied.
Response/recovery time, selectivity and stability
In addition to the above sensing response, the response/ recovery time, selectivity and stability are also critical characteristics for gas sensors, and these gas sensing properties were further investigated. Firstly, comparisons of the response/recovery time at different NH 3 gas concentrations for the Ag-decorated TiO 2 QDs gas sensor are plotted in Fig. 7a . Obviously, the sensor responded faster than it recovered generally; the response time showed a tiny variation upon exposure to different levels of NH 3 gas, whereas the recovery time became longer with an increase in NH 3 concentration (60 to 100 ppm). Secondly, in the study, the selectivity of the Ag-decorated TiO 2 QDS gas sensor was studied through exposing the sensor to 10 ppm C 2 H 5 OH, CH 2 O, H 2 S, C 6 H 6 and NH 3 gases, individually. As indicated clearly in Fig. 7b , the sensor displayed no signicant sensitivities to the gases C 2 H 5 OH, CH 2 O, H 2 S and C 6 H 6 ; it conversely demonstrated a very high sensitivity to NH 3 gas, where the sensing response was almost 10 times higher than towards the other four kinds of gas. This result clearly revealed that the Agdecorated TiO 2 QDS gas sensor had excellent selectivity for NH 3 gas. Lastly, the investigation of the long-term stability of the Ag-decorated TiO 2 QDs gas sensor was conducted via putting the sensor under a 10 ppm NH 3 atmosphere for 45 days. The measured results in Fig. 7c reveal that only a tiny uctuation in the sensing response was observed during this period, which indicates that the sensor possesses a stable response to NH 3 gas.
From the above-demonstrated good linearity (Fig. 6b ), rapid response/recovery time (Fig. 7a) , and excellent sensitivity ( Fig. 7b ) and stability ( Fig. 7c ) performances of the developed NH 3 sensor based on the Ag-decorated TiO 2 QDs sensing material, it is particularly important to highlight that this excellent gas sensing performance was achieved at room temperature. In recent years, most reported work on NH 3 gas sensors has been conducted at high temperatures, whereas NH 3 sensors operating at room temperature have been limited. Therefore, in the present study, the excellent gas sensing performance of the developed Ag-decorated TiO 2 QDs gas sensor at room temperature suggests the following prospects:
(1) since there is no need for the sensor to be heated to 0%  420  1500  450  1480  400  1600  530  1800  1%  320  900  360  900  280  1200  390  1150  3%  175  600  180  550  170  880  190  960  5%  325  800  338  880  270  1100  380 a required temperature, as shown in Fig. 7a , this implies that a prompt response could be achieved when operating at room temperature; (2) the presented room temperature operation of the Ag-decorated TiO 2 QDs gas sensor showed a great possibility for using exible natural green bers as substrates in the fabrication of a gas sensor in which a low operation temperature is the key point.
Conclusions and prospects
Based on an Ag-decorated TiO 2 QDs sensing material, an NH 3 gas sensor was fabricated, and its gas sensing performance at room temperature was studied. The study results were as follows.
(1) The characterization results from the Ag-decorated TiO 2 sensing material displayed that the decorated Ag was in the form of spinel silver and displayed uniform distribution. Targeting NH 3 gas and operation at room temperature, the optimal amount of Ag dopant addition was determined to be 3%, and gas sensing study results from the 3% Ag-decorated TiO 2 QDs gas sensor toward 10-100 ppm NH 3 gas revealed that the Ag-decorated TiO 2 QDs gas sensor not only possessed good NH 3 selectivity, gas sensitivity, stability and linearity, but it also showed rapid response and recovery times. Even at a low concentration of 10 ppm NH 3 gas, it still had a high response of 25.1, a rapid response time of 150 s and a recovery time of 600 s.
(2) The point most worth mentioning is that the excellent gas sensing performance of the Ag-decorated TiO 2 QDs gas sensor was achieved at room temperature. This innovation showed the following great possibilities: (i) since there is no need for the sensor to be heated to a required high operating temperature, a prompt gas-sensing response can be achieved; and (ii) from a biodegradable view, a gas sensor can be developed with exible natural green bers as substrates in which a low operation temperature is the key point. This will be the focus of our future work.
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